The ability of different goitrogens (anti-thyroid agents) to induce precocious metamorphosis in larval sea lampreys (Petromyzon marinus) was assessed in four separate experiments. Two of these goitrogens (propylthiouracil [PTU] and methimazole [MMI]) are inhibitors of thyroid peroxidase-catalyzed iodination, and three (potassium perchlorate [KClO 4 ], potassium thiocyanate [KSCN], and sodium perchlorate [NaClO 4 ]) are anionic competitors of iodide uptake. Because, theoretically, all of these goitrogens prevent thyroid hormone (TH) synthesis, we also measured their influence on serum concentrations of thyroxine and triiodothyronine. All goitrogens except PTU significantly lowered serum TH concentrations and induced metamorphosis in some larvae. The incidence of metamorphosis appeared to be correlated with these lowered TH concentrations in that KClO 4 , NaClO 4 , and MMI treatments resulted in the lowest serum TH concentrations and the highest incidence of metamorphosis in sea lampreys. Moreover, fewer larvae metamorphosed in the KSCN and low-KClO 4 treatment groups and their serum TH concentrations tended to be greater than the values in the aforementioned groups. MMI treatment at the concentrations used (0.087 and 0.87 mM) was toxic to 55% of the exposed sea lampreys within 6 weeks. The potassium ion administered as KCl did not alter serum TH concentrations or induce metamorphosis. On the basis of the results of these experiments, we have made the following conclusions: (i) In general, most goitrogens other than PTU can induce metamorphosis in larval sea lampreys, and this induction is coincident with a decline in serum TH concentrations. (ii) The method by which a goitrogen prevents TH synthesis is not directly relevant to the induction of metamorphosis. (iii) PTU has variable effects on TH synthesis and metamorphosis among lamprey species. (iv) Unlike in protochordates, potassium ions do not induce metamorphosis in sea lampreys and are not a factor in the stimulation of this event. J. Exp. Zool. 289:290-303, 2001. The stimulatory role of the thyroid gland on the onset and progression of amphibian metamorphosis were first described by Gudernatsch ('12). Following this initial report, several studies have shown that a rise in serum thyroid hormone (TH) titers (thyroxine [T 4 ] and triiodothyronine [T 3 ]), from prometamorphosis to their peak at metamorphic climax, is critical to metamorphosis. Furthermore, treatment with exogenous TH stimulates precocious metamorphosis, and anti-thyroid agents (goitrogens) can prevent or dramatically delay the onset of spontaneous metamorphosis in amphibians. The stimulatory role of TH on metamorphic development has been observed in most amphibians (for review see Dodd and Dodd, '76; White and Nicoll, '81; Galton, '83) and bony fishes (flat fishes, eels, and tarpons) (Just et al., '81; Inui et al., '94) studied to date. Within the vertebrate subphylum, the Petromyzontiformes (lampreys) represent the one exception to this trend (Youson, '97).
The stimulatory role of the thyroid gland on the onset and progression of amphibian metamorphosis were first described by Gudernatsch ('12) . Following this initial report, several studies have shown that a rise in serum thyroid hormone (TH) titers (thyroxine [T 4 ] and triiodothyronine [T 3 ]), from prometamorphosis to their peak at metamorphic climax, is critical to metamorphosis. Furthermore, treatment with exogenous TH stimulates precocious metamorphosis, and anti-thyroid agents (goitrogens) can prevent or dramatically delay the onset of spontaneous metamorphosis in amphibians. The stimulatory role of TH on metamorphic development has been observed in most amphibians (for review see Dodd and Dodd, '76; White and Nicoll, '81; Galton, '83) and bony fishes (flat fishes, eels, and tarpons) (Just et al., '81; Inui et al., '94) studied to date. Within the vertebrate subphylum, the Petromyzontiformes (lampreys) represent the one exception to this trend (Youson, '97) .
The nature of the involvement of TH in lamprey metamorphosis has yet to be resolved; however, some data are consistent with the idea that their function differs from that observed in other vertebrates. Serum TH concentrations in the sea lamprey (Petromyzon marinus) increase gradually throughout the 3-to 7-year larval period, peak prior to the onset of metamorphosis, and decline sharply concomitant with the first external signs of metamorphosis (for review see Youson, '97) . Throughout metamorphosis and for the remainder of the sea lamprey life cycle, serum TH concentrations are maintained at these reduced concentrations. The universal nature of this decline in serum TH concentrations at the onset of metamorphosis in lampreys is supported by similar observations in other lamprey species. Significant declines in serum T 4 and T 3 concentrations from larval values were observed in the southern hemisphere lamprey, Geotria australis (Leatherland et al., '90) , and the American brook lamprey, Lampetra appendix (Holmes et al., '99) , by stages 1 and 2 of metamorphosis, respectively.
Lampreys also differ from other vertebrates in that goitrogens induce rather than inhibit metamorphosis. Hoheisel and Sterba ('63) first reported the induction of an incomplete metamorphosis in Lampetra planeri following exposure to the goitrogen potassium perchlorate (KClO 4 ). The induction of a complete metamorphosis following treatment with KClO 4 , sodium perchlorate (NaClO 4 ), propylthiouracil (PTU), or thiourea was later reported in a series of preliminary studies on Lampetra reissneri (Suzuki, '86, '87, '89) . More recent studies conducted at a time of year when spontaneous metamorphosis does not occur resulted in the incomplete metamorphosis of P. marinus (Holmes and Youson, '93; Manzon and Youson, '97; Manzon et al., '98) and L. appendix (Holmes et al., '99) . In these studies, KClO 4 -treated larvae had serum T 4 and T 3 concentrations that were 18-80% and 72-95% lower than control values, respectively. The observed declines in serum TH concentrations at the onset of both KClO 4 -induced and spontaneous metamorphosis are consistent with the idea that these declines may be involved in the initiation of metamorphosis (Youson et al., '95; Manzon et al., '98; Holmes et al., '99) . In contrast, PTU did not induce metamorphosis in G. australis (Leatherland et al., '90) or L. appendix (Holmes et al., '99) despite its ability to significantly lower serum TH concentrations. Serum T 4 and T 3 concentrations were reduced by 95% and 75%, respectively, in G. autralis and 54% and 80%, respectively, in L. appendix. The correlation between lowered serum TH concentrations and the induction of metamorphosis in goitrogen-treated lampreys indicates that high TH titers may have an anti-metamorphic effect, preventing the onset of metamorphosis. Alternatively, very low TH titers may permit or even trigger the onset of metamorphosis if the appropriate physiological and environmental conditions have been met (Youson, '97; Manzon and Youson, '99) . The absence of induced metamorphosis in PTUtreated lampreys of two different species, however, provides compelling evidence to challenge these notions. Whether the induction of precocious metamorphosis is due to a decline in serum TH concentrations or to a phenomenon related to extrathyroidal effects of certain goitrogens (i.e., KClO 4 ) remains to elucidated. Alternatively, PTU may have extrathyroidal effects that are either inhibitory to metamorphosis or toxic to lampreys. Perhaps the ability of a particular goitrogen to induce metamorphosis is related to the mechanism through which it inhibits TH synthesis.
In the current study we attempted to resolve some of the aforementioned uncertainties surrounding goitrogen-induced metamorphosis in lampreys. Our approach was to assess the ability of various goitrogens to lower serum TH concentrations and induce precocious metamorphosis in larval sea lampreys. This study consisted of a series of four experiments in which larval sea lampreys of different sizes were exposed to various goitrogens. The goitrogen treatments included three anionic competitive inhibitors of iodide uptake (KClO 4 , NaClO 4 , and potassium thiocyanate, KSCN) and two goitrogens that inhibit the process of thyroid peroxidase-catalyzed iodination (PTU and methimazole, MMI) (Gentile et al., '95) . In addition, one experiment was designed to examine the effects of potassium ions (K + ) associated with KClO 4 and KSCN treatment on the induction of metamorphosis in lampreys, since K + ions induce metamorphosis in larval protochordates (Degnan et al., '97) .
MATERIALS AND METHODS

Experimental protocols and animals
This study consisted of four experiments conducted in different years, at a time of year that spontaneous metamorphosis does not occur; metamorphosis occurs in sea lampreys between July and October (Potter et al., '78) . A description of the procedures for animal collection and experimental setup, monitoring and maintenance used in all four experiments follows. Any variations from these procedures are provided in the detailed description of each individual experiment. Larval sea lampreys were collected from various streams in the Great Lakes drainage basin (Canada and United States of America) in the spring and summer months using electrofishing equipment. Sea lampreys were transported to the University of Toronto at Scarborough and housed in large fiberglass aquaria supplied with substrate (7-10 cm of industrial sand) and continuously flowing, aerated, dechlorinated tap water. Larvae were maintained at seasonal water temperatures and fed a suspension of baker's yeast once weekly (1 g of yeast per animal).
Prior to the onset of each experiment, larval sea lampreys were anaesthetized in a 0.05% solution of tricaine methanesulfonate Syndel Laboratories Ltd., Vancouver, British Columbia, Canada) . Their lengths and weights were recorded, and groups of 10 larvae were randomly assigned by lottery to 21-l aquaria (40 × 20 × 25 cm). Each aquarium was supplied with 7-10 cm of substrate and 10 l of dechlorinated water. Aquaria were maintained static (i.e., not on a flowthrough system) on a 15 hr light, 9 hr dark light cycle and were continuously aerated. These housing conditions were similar to those previously used to study lamprey metamorphosis (Holmes and Youson, '93; Manzon and Youson, '97; Manzon et al., '98; Holmes et al., '99) . Water temperature varied with the ambient room temperature (14-22°C). Routine monitoring and maintenance included recording water temperatures twice daily; adding water as needed to account for evaporation; feeding larvae once weekly; cleaning aquaria, changing aquaria water and adding fresh treatments to aquaria every 2 weeks; and changing the substrate every 4 to 8 weeks. All chemicals used for experimental treatments were obtained from Sigma-Aldrich, Canada. The onset of each experiment was designated as the first day that treatments were added to the appropriate aquaria and the experiment was terminated when the last sea lamprey was sampled. Treatments were added to aquaria from stock solutions prepared in dechlorinated water unless otherwise indicated. Sampling of sea lampreys was carried out as follows: anaesthetizing in 0.05% MS-222; recording animal lengths and weights; assigning a stage of metamorphosis (1 to 7) based on external morphology (Youson and Potter, '79) ; and collecting serum. Animals that died during the experiment were promptly removed and replaced with larvae marked by latex dye injection into the caudal sinus. Marked larvae were used to maintain animal density within an aquarium but were excluded from all experimental and data analyses.
Experiment 1: Propylthiouracil and triiodothyronine
Larval sea lampreys 65-95 and 105-119 mm in length were collected from Fish Creek, NY (September 1993) and Pigeon River, MI (June 1993), respectively. Thirty larvae from each size group (10 larvae per aquarium and three replicate tanks per experimental group) were randomly assigned to each of the following experimental groups: control (untreated), PTU (6-n-propyl-2-thiouracil), T 3 , and PTU plus T 3 (PTU+T 3 ); see Table 1 for nominal ambient aquarium concentrations. In addition, at the onset of the experiment we sampled 30 larvae 65-95 mm in length (Fish Creek) and 20 larvae 105-119 mm in length (10 larvae from each stream population) to serve as baseline estimates of larval size and TH status and as a control between the two populations. We chose a PTU treatment concentration of 0.059 mM (10 mg/l) because this concentration was previously shown to lower serum TH concentrations by 75-95% in G. australis (Leatherland et al., '90) . The experiment began in January 1994 with the addition of the aforementioned treatments to the appropriate aquaria (Table 1) . Treatments were administered to each aquarium as 50 ml of a stock solution prepared in 0.1 M sodium hydroxide (NaOH). Sodium hydroxide was used to increase the solubility of PTU and T 3 when making the stock solutions. Sodium hydroxide did not have any effects on animal size, TH status, or the incidence of metamorphosis in an experiment conducted on larval sea lampreys from Fish Creek (Manzon and Youson, '97) , so a NaOH control treatment was omitted in this study. All experimental animals were sampled 23 weeks after the experiment began.
Experiment 2: Propylthiouracil
Larval sea lampreys were collected from Beaverdam Brook, NY, in May 1995. Lampreys were housed at various water temperatures and animal densities throughout the spring and summer months to assess the effects these variables have on the incidence of spontaneous metamorphosis. In November 1995 we pooled the larvae from this population that were greater than 129 mm in length. Larvae from this pool were randomly assigned to glass aquaria (10 larvae per aquarium), and three replicate aquaria were randomly assigned to each of the control (untreated), NaOH, and PTU experimental groups (Table 1) . Treatments were administered following the procedures used in Experiment 1. The study began in No-vember 1995 and was terminated following 18 weeks of treatment, at which time all animals were sampled.
Experiment 3: Potassium perchlorate, potassium thiocyanate, and methimazole Larval sea lampreys were collected from the Platte River, MI (August 1996) . Larvae ≥115 mm in length were randomly sorted into glass aquaria (10 larvae per aquarium), and three replicate aquaria were randomly assigned to each of the following experimental groups: control (untreated); low-KClO 4 (L-KClO 4 ); high-KClO 4 (H-KClO 4 ); low-KSCN (L-KSCN); high-KSCN (H-KSCN); low-MMI (2-mercapto-1-methylimidazole, L-MMI); and high-MMI (H-MMI) ( Table 1 ). In addition, 30 larval sea lampreys were sampled at the onset of the experiment to serve as baseline data for lamprey size and TH status. The experiment began in January 1997 and was terminated 16 weeks later. However, due to the high mortality in both MMI treatment groups, all surviving MMI-treated animals were sampled 6 weeks after the study began. Sea lampreys in one randomly chosen tank Larval sea lampreys were collected from Fish Creek, NY (May 1998) and sorted into two size groups, 110-119 mm and >119 mm in length. Larvae from each size group were randomly sorted into glass aquaria (9 larvae per aquarium). One aquarium from each size group was randomly assigned to each of the following experimental groups: control (untreated); KClO 4 ; NaClO 4 ; low potassium chloride (L-KCl); and high potassium chloride (H-KCl) ( Table 1 ). The experiment began in March 1999 and was terminated following 13 weeks of treatment, at which time all surviving sea lampreys were sampled. At the start of the experiment we sampled 9 larvae from each size group to serve as baseline values for animal size and TH status.
Serum collection and TH measurement
Blood was collected from anaesthetized sea lampreys by caudal severance using heparinized haematocrit tubes and was allowed to clot overnight at 4°C. The following morning the blood was centrifuged at 7,000g for 3-5 min, and sera were collected and stored at -70°C until analyzed. Animals were sacrificed by decapitation immediately after blood collection.
Total serum T 4 and T 3 concentrations were determined in duplicate using the Amersham Amerlex TT4 and TT3 radioimmunoassay (RIA) kits, respectively (Johnson and Johnson, Markham, Ontario, Canada). The RIA kits were used according to Leatherland et al. ('90) to accommodate for low serum volumes. Intra-and inter-assay coefficients of variance for both TH RIAs were less than 9% and 14%, respectively. Assay sensitivities ranged from 7 to 11 nmol/l for T 4 and from 0.15 to 0.4 nmol/l for T 3 . Serum T 4 and T 3 concentrations were determined for Experiments 1, 3, and 4 but not for Experiment 2 (serum samples were lost when our freezer failed). In some instances, equal volumes of serum from two or more sea lampreys from the same experimental aquarium were pooled to produce a single sample of sufficient volume to assay both TH.
Statistical analyses
The data from all four experiments were analyzed with analysis of variance (ANOVA) and Tukey-Kramer's post-hoc test using individual aquaria and/or experimental groups as independent variables and animal length, weight, and serum TH concentrations as dependent variables. Prior to these statistical analyses, all data were tested for homoscedasticity with Cochran's Q test; data that did not meet this assumption were transformed (log 10 ) to minimize the heterogeneity of the variances (Sokal and Rohlf, '80) . All statistical analyses were performed using Statistix for DOS. The data are presented as mean ± 2 SE (standard errors), and differences were accepted as statistically significant if P < 0.05. Any deviations from these statistical analyses are indicated as they are presented in the Results section.
RESULTS
Experiment 1: Propylthiouracil and triiodothyronine
Aquaria water temperatures ranged from 14 to 18°C with a mean of 16 ± 0.1°C. In the PTU+T 3 experimental group (65-95 mm size group) we observed a 50% mortality rate; however, 67% of these deaths occurred in a single aquarium in which all larvae died (Table 1) . Metamorphosis was not observed in any of the treated larval sea lampreys, but one control animal was at stage 3 of metamorphosis at the time of sampling.
At the start of the experiment, larval length and weight in the 65-95 mm size group did not differ between the four experimental groups; the overall mean size of these larvae was 84.4 ± 1.4 mm and 0.89 ± 0.04 g. However, baseline larvae in this size group had a mean length and weight of 93.1 ± 1 mm and 1.12 ± 0.05 g, respectively, which were significantly greater than those recorded for each of the experimental groups. Significant differences in size between larvae of the four experimental groups and/or the baseline group were not observed in the 105-119 mm size group at the onset of the experiment; the overall mean size of these larvae was 113.3 ± 0.7 mm and 2.20 ± 0.05 g. At the end of the experiment, larvae within a size group tended to be smaller in size than at the onset and experimental larvae were significantly smaller than baseline larvae, indicating a decrease in animal size over the course of the experiment (Table 1) .
At the end of the experiment, 65-95 mm larvae in the control, PTU, PTU+T 3 , and T 3 experimental groups had serum T 4 concentrations (40 ± 6.2, 35 ± 6.6, 48 ± 11.2, and 113 ± 19.7 nmol/l, respectively) that were significantly lower than values measured in baseline larvae at the start of the experiment (154 ± 14.5 nmol/l) (Fig. 1A) . Treatment of 65-95 mm larvae with exogenous T 3 significantly elevated serum T 4 concentrations relative to values in the control, PTU, and PTU+T 3 experimental groups (Fig. 1A) .
In the 105-119 mm size group, serum T 4 concentrations in baseline larvae (145 ± 44.4 nmol/l) were significantly greater than values in the control and PTU-treated animals (40 ± 4.9 and 41 ± 4.4 nmol/l, respectively) but did not differ from values in the T 3 -or PTU+T 3 -treated (192 ± 26 and 120 ± 26.7 nmol/l, respectively) animals (Fig. 1C) . Exogenous T 3 treatment, in the presence or absence of PTU, significantly elevated serum T 4 concentrations relative to values in the control and PTU experimental groups (Fig. 1C) . PTU did not alter serum T 4 concentrations relative to control values in either size group (Fig. 1A,C) . Serum T 3 concentrations of animals in either size group did not differ significantly between any of the experimental groups (i.e., control, PTU, PTU+T 3 , or T 3 ), but within each size group the serum T 3 concentrations of baseline animals were significantly greater than those of the experimental groups (Fig. 1B,D) .
Experiment 2: Propylthiouracil
Aquaria water temperatures ranged from 15 to 21°C with a mean value of 17 ± 0.1°C. At the start of the experiment, significant differences in sea lamprey length or weight were not observed between the various experimental groups; the overall mean animal size was 133 ± 0.9 mm and 3.42 ± 0.08 g. As was the case for Experiment 1, larvae tended to be smaller at the time of sampling than at the start of the experiment (Table 1) . Metamorphosis was not observed, and no deaths occurred in any experimental groups.
Experiment 3: Potassium perchlorate, potassium thiocyanate, and methimazole Aquarium water temperature ranged from 18 to 22°C with a mean of 20 ± 0.1°C. Mortalities were not observed in the control, KClO 4 , or KSCN experimental groups; however, a high incidence of mortality in the L-MMI and H-MMI treatment groups precipitated the sampling of all surviving sea lampreys from these groups 6 weeks after the experiment started (Table 1) . At this time 18/30 and 17/30 larvae had died in the L-MMI and H-MMI experimental groups, respectively. All comparisons between experimental groups at the time of sampling were made using MMI larvae sampled 6 weeks after the experiment began and control, KClO 4 , and KSCN larvae sampled 10 weeks later, unless otherwise indicated.
Significant differences in mean larval length or weight were not observed between the seven experimental groups and/or baseline larvae at the start of the experiment; the overall mean size was 130.3 ± 1.6 mm and 3.23 ± 0.1 g. The mean size of all experimental animals at the time of sampling was 121.6 ± 1.8 mm and 2.40 ± 0.12 g ( Table  1 ), indicating that animal size had decreased over the course of the experiment.
The three goitrogen treatments used in this experiment induced precocious metamorphosis in sea lampreys; however, the number of metamorphosing lampreys varied depending on the type and concentration of goitrogen used. Treatment of larval sea lampreys with L-MMI or H-MMI for 6 weeks induced metamorphosis in 33% and 46% of surviving sea lampreys, respectively ( Fig. 2A ; Table 1 ). When the MMI-treated sea lampreys were sampled, we also examined 10 larvae from the control, H-KClO 4 , and H-KSCN experimental groups and found that only 2 sea lampreys from the H-KClO 4 treatment group had commenced metamorphosis ( Fig. 2A) .
After 16 weeks of treatment, metamorphosis was not observed in the control group, but 10%, 66%, 20%, and 43% of lampreys had begun to metamorphose in the L-KClO 4 , H-KClO 4 , L-KSCN, and H-KSCN experimental groups, respectively (Fig. 2B) . We observed sea lampreys in each of the seven stages of metamorphosis (Fig. 2B) , and these goitrogen-treated lampreys were clearly undergoing external morphological changes reminiscent of spontaneous metamorphosis. However, in most instances the timing of these morphological changes was asynchronous compared to what is observed during spontaneous metamorphosis, and goitrogen-induced metamorphosis did not proceed to completion.
To determine the effects of the various treatments on serum TH concentrations, we tested for statistically significant differences between experimental groups and/or baseline animals (Fig. 3) . In addition, we tested for differences in serum TH concentrations between larval and metamorphosing lampreys within an experimental group (Table  2) . Serum T 4 concentrations in baseline sea lampreys were significantly greater than concentrations in sea lampreys from the seven experimental groups (Fig. 3A ). Sea lampreys in the H-KSCN, LKClO 4 , H-KClO 4 , L-MMI, and H-MMI experimental groups had serum T 4 concentrations that were significantly lower than control values, but L-KSCN treatment did not alter serum T 4 concentrations (Fig. 3A) . Within the L-KSCN and H-KSCN experimental groups, the serum T 4 concentrations of metamorphosing lampreys were significantly lower than values for lampreys which did not metamorphose (Table 2) . Table 1 ). Sample size is equal to 30 unless otherwise indicated in parentheses below the abscissa.
Serum T 3 concentrations in the H-KSCN, HKClO 4 , L-MMI, and H-MMI experimental groups were significantly lower than concentrations in the control and baseline groups (Fig. 3B) . However, serum T 3 concentrations did not differ significantly between the baseline, control, L-KSCN, and LKClO 4 lampreys (Fig. 3B ). Significant differences in serum T 3 concentrations between larval and metamorphosing animals within an experimental group were observed in the L-KSCN, H-KSCN, and L-MMI experimental groups (Table 2) . Surprisingly, serum T 3 concentrations in metamorphosing L-MMI sea lampreys were significantly greater than the values in larval L-MMI sea lampreys; in both cases serum T 3 concentrations were much lower than control values (Table 2 ).
Experiment 4: Potassium perchlorate, sodium perchlorate, and potassium chloride
Aquaria water temperatures ranged from 17 to 22°C with a mean value of 19.6 ± 0.2°C. With the exception of the H-KCl experimental groups, in which all animals died within 4 days of the start of the experiment, no deaths occurred in either size group (Table 1) . There were no differences in larval size between experimental and/or baseline groups within either size group at the onset of the experiment. The mean animal size at this time was 127.7 ± 2.1 mm and 2.77 ± 0.18 g in the >119 mm size group and 113.1 ± 0.1 mm and 1.89 ± 0.06 g in the 110-119 mm size group. Larvae of both size groups were smaller in size at the time they were sampled than at the start of the experiment (Table 1) .
Metamorphosis was not observed in control or L-KCl-treated lampreys of either size group. However, in the 110-119 mm size group, 33% of NaClO 4 -and KClO 4 -treated sea lampreys were in either stage 1 or 2 of metamorphosis. The incidence of metamorphosis in lampreys >119 mm in length following KClO 4 or NaClO 4 treatment was 89%, and these animals were in stages 1, 2, 3, and 4 of metamorphosis (Fig. 4) .
In general, serum TH concentrations in baseline animals were significantly greater than those of experimental lampreys; serum T 3 in L-KCl sea lampreys (>119 mm size group) was the only exception to this trend (Fig. 5) . Serum T 4 and T 3 concentrations did not differ significantly between control and L-KCl sea lampreys within a size group (Fig. 5) . The goitrogens KClO 4 and NaClO 4 significantly lowered serum TH concentrations in lampreys from both size groups relative to values in the baseline, control, and L-KCl groups (Fig. 5) .
DISCUSSION
Over the past four decades several laboratories have studied the effects of goitrogens on lamprey physiology and metamorphosis but the results have Fig. 3 . Mean (± 2 standard errors) serum thyroxine (T 4 ) and triiodothyronine (T 3 ) concentrations in sea lampreys. Lampreys were either untreated, as in the baseline and control groups, or treated with potassium perchlorate (KClO 4 ) or potassium thiocyanate (KSCN) for 16 weeks or with methimazole (MMI) for 6 weeks. Goitrogen treatment concentrations were either high (H) or low (L) as indicated on the abscissa (see Table 1 ). Baseline groups were sampled at the start of the experiment but control groups were sampled at the termination of the experiment (16 weeks). Sample size is equal to 30 unless otherwise indicated in parentheses below the abscissa. Concentrations labeled with different letters are significantly different (P < 0.05).
been variable. The goitrogen KClO 4 depresses serum TH concentrations and can initiate the process of metamorphosis in several species of lampreys (Hoheisel and Sterba, '63; Suzuki, '86; Holmes and Youson, '93; Manzon and Youson, '97, '99; Manzon et al., '98; Holmes et al., '99) . Serum T 4 and T 3 concentrations in larval lampreys following KClO 4 treatment were 18-88% and 72-95% lower than control values, respectively (Youson et al., '95; Manzon and Youson, '97; Manzon et al., '98; Holmes et al., '99) . The magnitudes of these TH declines in KClO 4 -treated lampreys are comparable to those observed in the early stages of metamorphosis. Sea lampreys at stage 3 of spontaneous metamorphosis have serum T 4 and T 3 concentrations that are 40-74% and 90% lower than premetamorphic larvae, respectively (Wright and Youson, '77; Lintlop and Youson, '83; Youson et al., '94) . The findings of these metamorphosis studies are consistent with the hypothesis that a decline in serum TH concentrations may be involved in the initiation of lamprey metamorphosis. Alternatively, high serum concentrations of TH can inhibit or retard both the spontaneous (Youson et al., '97) and induced (Manzon and Youson, '97; Manzon et al., '98 ) metamorphosis of lampreys. Whether TH concentrations must decline below a threshold level or the decline from premetamorphic concentrations must be of a particular magnitude remains to be elucidated.
Studies investigating the effects of PTU on lamprey serum TH concentrations and metamorphosis are not consistent and tend to challenge the interpretation of the results from KClO 4 induction experiments. The induction of metamorphosis following PTU treatment was first reported in L. reissneri by Suzuki ('87). Subsequently, both Leatherland et al. ('90) and Holmes et al. ('99) reported a significant decline in the serum TH concentrations of G. australis and L. appendix, respectively, following treatment with PTU. Despite serum TH concentrations that were 54-95% lower than control values, PTU treatment did not induce precocious metamorphosis in either species of lamprey. This absence of metamorphosis indicates that a decline in serum TH concentrations may not be sufficient to induce metamorphosis. Alternatively, PTU may have other effects on the physiology of some lamprey species that preclude the induction of metamorphosis. In this study we attempted to clarify (i) whether several goitrogens can depress serum TH concentrations and induce sea lamprey metamorphosis, (ii) whether this induction of metamorphosis is specific to KClO 4 , and (iii) whether PTU is unique among goitrogens in its variability at inducing metamorphosis in lampreys. The variable effects of PTU on lamprey metamorphosis may involve species differences; a possibility which cannot be fully assessed by this study.
In the current study, a total of 90 larval sea lampreys of three different sizes groups (65-95, 105-119, and >129 mm in length) were exposed to the goitrogen PTU for 18-23 weeks. Consistent with the findings of Leatherland et al. ('90) and Holmes et al. ('99) , but contrary to those of Suzuki ('87, '89), we did not observe any signs of metamorphosis in PTU-treated sea lampreys. Surprisingly, PTU treatment did not significantly alter serum TH concentrations relative to our control group (Fig. 1) . Although it is tempting to suggest that the absence of metamorphosis in our experiment was due to the fact that PTU treatment did not lower serum TH concentrations, the studies of Leatherland et al. ('90) and Holmes et al. ('99) provide evidence which could refute this as a possibility. We cannot determine why PTU did not affect sea lamprey serum TH concentrations in Experiment 1, but this result may be related to the physiological condition of the sea lampreys in this study. Unfortunately, we were unable to determine serum TH concentrations in PTU-treated larvae greater than 130 mm in length (Experiment 2). Future studies should include dose-response curves to determine the minimum PTU treatment concentration that can depress serum TH titers in larval sea lampreys to titers similar to those measured in metamorphic sea lampreys. A change in the physiological condition of larval sea lampreys over the course of the experiment may have contributed to the absence of a decline in serum TH concentrations in PTUtreated larvae. In Experiments 1 and 2 we observed a decrease in mean larval length and weight over the course of the experiment. In general, larvae within a treatment group were smaller in size at the time of sampling than they were when the study began. Although the exact cause of this decrease in size is unknown, it may be related to an inadequate food supply in captivity. TH status also changed over time; serum TH concentrations in baseline larval sea lampreys were significantly greater than the values for control larvae at the time of sampling in both size groups in Experiment 1 (Fig. 1) . Similar trends towards a decrease in the mean animal size and serum TH concentrations over the duration of an experiment were also observed in Experiments 3 and 4 (Figs. 3 and 5). However, goitrogen treatment in each of these experiments depressed serum TH concentrations and induced metamorphosis. These results from Experiments 3 and 4 minimize the likelihood that a decrease in size or a change in TH status from baseline values was responsible for the absence of metamorphosis or a decline in serum TH concentrations in Experiments 1 and 2.
The treatment of larval sea lampreys 65-95 and 105-119 mm in length with exogenous T 3 significantly elevated serum T 4 concentrations but had no significant effect on serum T 3 concentrations. These findings are similar to those observed by Manzon and Youson ('97) with sea lampreys 110-119 mm in length. In this earlier study, exogenous T 3 significantly elevated serum T 4 concentrations in six out of six sampling periods ranging from 4-24 weeks of treatment. However, serum T 3 concentrations increased in only two of these six sampling periods. In a second study using larval sea lampreys ≥120 mm in length, Manzon et al. ('98) found that exogenous T 3 consistently elevated both serum T 4 and T 3 concentrations. These data imply that large larvae (≥120 mm in length) can regulate TH synthesis and metabolism differently than the smaller larvae used in the present study. Eales et al. ('97, 2000) have shown that the activity of the deiodinase pathways change during and after metamorphosis. Similarly, changes in TH deiodinase activity and/or metabolism may occur within the larval period; serum TH concentrations increase throughout the larval period indicating the potential for a change in TH regulation. The ability of exogenous T 3 to elevate serum T 4 without increasing serum T 3 is an interesting phenomenon from a regulatory standpoint. The exact regulatory mechanism responsible for elevating serum T 4 concentrations is unknown but could involve changes in the regulation of TH synthesis, secretion, deiodination, and/or degradation.
All sea lampreys in the control, KClO 4 , and KSCN experimental groups survived for the duration of Experiment 3. However, a large proportion (>55%) of MMI-treated larvae died early in the experiment; this led to the sampling of all surviving MMI-treated sea lampreys 6 weeks after the experiment began. The two concentrations of MMI used in the current study (0.087 and 0.87 mM) were lower than the concentration (1 mM) that Brown ('97) routinely uses to inhibit amphibian metamorphosis. However, he observed an unpredictable mortality rate in zebrafish at MMI concentrations greater than or equal to 0.5 mM, and 0.3 mM was the highest MMI concentration that was not toxic. Although we do not know the cause of the lamprey mortality in the MMI treatment, it appears to be consistent with the unpredictable effects of MMI toxicity observed in zebrafish.
As was the case in all four experiments discussed in this paper, Experiment 3 was conducted at a time of year when sea lampreys do not metamorphose spontaneously. Thus it was not surprising that larval sea lampreys in the untreated control groups did not undergo metamorphosis; yet metamorphosis was observed in all goitrogen treatment groups in Experiment 3. Following a 6-week exposure, MMI was more successful at inducing precocious metamorphosis in larval sea lampreys than either KClO 4 or KSCN. At 6 weeks we observed that 10/23 MMI-treated sea lampreys had commenced metamorphosis, as compared to 2/10 H-KClO 4 -treated and 0/10 H-KSCN-treated sea lampreys (Fig. 2A) . These data differ from those of the PTU experiments and indicate that MMI, a thyroid peroxidase inhibitor, can induce metamorphosis in larval sea lampreys. MMI may also have the potential to induce metamorphosis in larval sea lampreys more rapidly than the other goitrogens tested to date. However, a cautious interpretation of these data is necessary since only one third of the H-KClO 4 -and H-KSCN-treated sea lampreys were examined at this 6-week point, metamorphosing sea lampreys in the MMI experimental groups were in the early stages of metamorphosis, and MMI treatment was toxic to many individuals. Perhaps the rapid induction of metamorphosis in MMI-treated larvae contributed to this observed toxicity. Further studies establishing a dose-response curve for MMI are required to completely assess the capability of MMI to induce lamprey metamorphosis. The observed differences in the incidence of induced metamorphosis in the various goitrogen treatment groups (Fig. 2) can be correlated, to some extent, to the efficacy of each goitrogen at lowering serum TH concentrations. Following only 6 weeks of treatment, L-MMI and H-MMI induced proportionally more larval sea lampreys to enter metamorphosis than either the H-KClO 4 or H-KSCN treatments. At the termination of Experiment 3, the H-KClO 4 and H-KSCN treatment groups were the most successful at inducing sea lamprey metamorphosis. These treatments (HKClO 4 , H-KSCN, MMI) that resulted in a high incidence of induced metamorphosis were also the experimental groups in which we measured the lowest serum TH concentrations (Fig. 3) .
Following 6 weeks of treatment, MMI larvae had serum T 4 concentrations which were as low or lower than larvae exposed to any other goitrogen treatment for 16 weeks (Fig. 3A) . Furthermore, 6 weeks of MMI treatment produced serum T 3 concentrations that were significantly lower than those in all other experimental groups except the H-KClO 4 experimental group (Fig. 3B) . H-KClO 4 treatment induced precocious metamorphosis in more sea lampreys than any other experimental group; serum TH concentrations in this and the MMI experimental groups were the lowest measured in Experiment 3 (Fig. 3) . Along these same lines of reasoning, we measured higher serum TH concentrations in those experimental groups in which a lower incidence of metamorphosis was observed. The lowest incidence of metamorphosis was observed in the L-KClO 4 and L-KSCN treatment groups. Larvae in these two experimental groups had mean serum T 3 concentrations which did not differ significantly from control values (Fig. 3B ) and in the L-KSCN experimental group serum T 4 concentrations were also equivalent to values in the control group (Fig. 3A) . The results of Experiment 3 confirm that goitrogens other than KClO 4 can induce precocious metamorphosis in larval sea lampreys. Furthermore, the proportion of goitrogen-treated lampreys which were induced to metamorphose appeared to be correlated to the degree of the decline in serum TH concentrations; this finding differs from that reported by Youson et al. ('95) for KClO 4 -treated larval sea lampreys of different sizes.
Potassium is a component of two of the goitrogens (KClO 4 and KSCN) that induce precocious metamorphosis in lampreys. This ion has been shown to induce metamorphosis in several invertebrate species (from five different phyla) including some protochordates (i.e., ascidians) (Yool et al., '86; Pearce and Scheibling, '94; Degnan et al., '97) . Modern protochordates and vertebrates are both members of the phylum Chordata and are believed to have a complex evolutionary relationship (Whittaker, '97) . One feature consistent with a common ancestry in protochordates and vertebrates is the presence of an endostyle in both larval lampreys and protochordates. The endostyle of larval lampreys is a TH-producing, subpharyngeal gland that develops into typical, follicular, thyroid tissue during metamorphosis (Wright and Youson, '80) . In contrast, the endostyle of protochordates is primarily involved in producing mucus to aid in filter feeding. However, like the larval lamprey endostyle, the protochordate endostyle can actively concentrate iodide and synthesize iodoproteins and TH (Eales, '97) . The finding that K + can induce metamorphosis in protochordates necessitated eliminating the possibility that it may have a role in the induction of lamprey metamorphosis (via KClO 4 and KSCN). Experiment 4 was designed to ensure that goitrogen-induced metamorphosis in sea lampreys was due to the goitrogenic anion (i.e., ClO 4 -or SCN -) and not to the effects of K + . A NaClO 4 experimental group was also included to verify that the observed effects were not related to an interaction between the effects of K + and the goitrogenic anion. Treatment with 18 mM KCl resulted in the death of all sea lampreys within 4 days. The high mortality rate within this treatment group may be related to an increase in the osmolarity of the aquarium water. In general, larval lampreys cannot osmoregulate even in dilute seawater (i.e., 10‰ NaCl; Mathers and Beamish, '74) , and potassium ions may exacerbate this osmoregulatory difficulty. Death was not observed in any other experimental group over the course of Experiment 4. In the L-KCl experimental group larvae were exposed to 3.6 mM KCl, the same concentration of K + that is present in a 0.05% KClO 4 treatment. At this concentration, KCl had no effects on either the incidence of metamorphosis or serum TH concentrations (Figs. 4 and 5) . However, serum TH concentrations in the KClO 4 and NaClO 4 experimental groups were significantly lower than all other experimental groups (Fig. 5) . Associated with these declines in serum TH concentrations was an induction of metamorphosis. In both the KClO 4 and NaClO 4 experimental groups, we observed that 33% and 89% of all sea lampreys had initiated metamorphosis in the 110-119 mm and >119 mm size groups, respectively (Fig. 4) . This experiment has shown that NaClO 4 has the same effects as KClO 4 on both serum TH concentrations and metamorphosis, whereas KCl had neither of these effects. These results clearly indicate that ClO 4 -, and not K + , is the ion responsible for depressing serum TH concentrations and inducing metamorphosis in lampreys.
In summary, the present results show that the induction of precocious metamorphosis in larval sea lampreys is associated with a decline in serum TH concentrations following treatment with a goitrogen. The incidence of goitrogen-induced metamorphosis in sea lampreys is related to the ability of the goitrogen to lower serum TH concentrations, further supporting the claim by Manzon et al. ('98) that KClO 4 -induced metamorphosis requires a decline in serum TH concentrations. Despite the absence of metamorphosis following PTU treatment, we feel that the induction of metamorphosis is a response to goitrogens in general and is not dependent on the mechanism by which a goitrogen reduces the capacity to synthesize TH. This idea is supported by the observation that MMI, a thyroid peroxidase-inhibiting goitrogen, can induce lamprey metamorphosis. PTU may be unique among goitrogens because it does not appear to induce lamprey metamorphosis; however, further studies using PTU concentrations that depress serum TH concentrations in sea lampreys are required to confirm this finding. Lastly, we have shown that K + does not play a role in KClO 4 -or KSCN-induced metamorphosis.
